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ABSTRACT 

The l u n a r  e l e c t r i c a l  c o n d u c t i v i t y  p r o f i l e  has been 

o b t a i n e d  f r o m  an i t e r a t i v e  f i t  o f  t h e o r e t i c a l  e l e c t r o m a g n e t i c  

t r a n s f e r  f u n c t i o n s  t o  e m p i r i c a l  ones based on j o i n t  power 

s p e c t r a l  d e n s i t y  ana lyses  o f  da ta  f r o m  t h e  A p o l l o  1 2  Lunar 

Sur face  Magnetometer and t h e  Ames E x p l o r e r  35 magnetometer, 

Seven s e l e c t e d  two hour swaths and seven s e l e c t e d  one hour 

swaths o f  data were used. The spectrum ana lyzed ranged i n  

f requency  f rom 0,00083 t o  0.04 Hz. The a m p l i f i c a t i o n  o f  t h e  

i n t e r p l a n e t a r y  magnet ic  f i e l d  a t  t h e  l u n a r  s u r f a c e  showed a 

d i s t i n c t  i nc rease  f rom - 1 a t  0,001 Hz t o  - 3 a t  0.005 Hz. 

A t  h i g h e r  f r e q u e n c i e s  t h e  s lope  o f  t h e  a m p l i f i c a t i o n  vs .  

f requency  cu rve  decreases u n t i l  t h e  ampl i f i c a t i o n  l e v e l s  o f f  

a t  about  4 a t  0.025 Ha. An ampl i f i c a t i o n  curve  w i t h  such a 

d i s t i n c t  bend i s  b e s t  f i t  by a l u n a r  c o n d u c t i v i t y  model w i t h  

a sharp max mum around 1500 km r a d i u s ,  so t h a t  h i g h  f requency  

v a r i a t i o n s  n the  magnet ic  f i e l d  a r e  compressed i n t o  t h e  o u t e r  

s h e l l  w h i l e  low f requency  v a r i a t i o n s  can p e n e t r a t e  t o  t h e  

i n t e r i o r ,  For  a monotonic  temperature p r o f i l e ,  t h e  e l e c t r i c a l  

c o n d u c t i v i t y  model requ i  res  a change i n  compos i t ion  around 

1450 km r a d i u s .  A thermal and compos i t i ona l  model wh ich  appears 

t o  f i t  t h e  da ta  i s  a b a s a l t - l i k e  o u t e r  l a y e r ,  an o l i v i n e - l i k e  

co re  and a tempera ture  o f  450°C a t  t h e  c o n d u c t i v i t y  peak, 

i n c r e a s i n g  t o  800°C i n  t h e  deep core .  
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INTRODUCTION 

T h i s  paper extends o u r  p r e l  i m i n a r y  r e p o r t  (SONETT e t  a1 I )  

1971a) o f  t h e  b u l k  e l e c t r i c a l  c o n d u c t i v i t y  p r o f i l e  o f  t h e  Moon 

determined by a n a l y s i s  o f  da ta  f r o m  t h e  A p o l l o  12 Lunar  Sur face  

Magnetometer (LSM) and t h e  Ames E x p l o r e r  35 l u n a r  o r b i t e r  

magnetometer. The account  g i v e n  here  i s  s t i l l  e x p l o r a t o r y  b u t  

more d e t a i l s  a r e  s u p p l i e d  on t h e  mechanism o f  i n d u c t i o n ,  t h e  

a n a l y s i s ,  and t h e  i m p l i c a t i o n s  o f  o u r  f i n d i n g s .  

I t  has been recogn ized i n  recen t  years t h a t  e l e c t r o -  

magnet ic  e x c i t a t i o n  o f  t h e  Moon by s i g n a l s  a r i s i n g  i n  t h e  

s o l a r  w i n d  produce e l e c t r i c a l  c u r r e n t s  i n  t h e  deep l u n a r  

i n t e r i o r .  The magnet ic  f i e l d s  a s s o c i a t e d  w i t h  these c u r r e n t s  

a r e  d e t e c t a b l e  a t  t h e  s u r f a c e  o f  t h e  Moon (SONETT e t  a1 . ,  1971a, 

b , c ;  DYAL e t  al., 1970 ) and, i n  t h e  case o f  a s t r o n g  

i n d u c t i v e  response may even m o d i f y  t h e  plasma f l o w  near  t h e  

Moon. The e s t a b l  ishment of E x p l o r e r  35 i n  l u n a r  o r b i t  p e r m i t t e d  

s tudy  o f  t h e  plasma environment c l o s e  t o  t h e  Moon. However, 

t h e  d e t e c t i o n  o f  e l e c t r o m a g n e t i c  events  i n  t h e  Moon appears t o  

be f e a s i b l e  o n l y  f r o m  e i t h e r  t h e  s u r f a c e  o r  a v e r y  l o w  a l t i t u d e  

o r b i t e r ,  Us ing  t h e  LSM, l u n a r  e l e c t r o m a g n e t i c  i n d u c t i o n  can be 

assured.  We b e l i e v e  t h e  co r respond ing  t h e o r y  i s  s u f f i c i e n t l y  

w e l l  understood t h a t  l u n a r  magnetometry can be used t o  de termine 

t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  i n t e r i o r  and thence t o  make 

i n f e r e n c e s  o f  tempera ture  and compos i t ion .  A 1  though a d e t a i l e d  
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a n a l y s i s  o f  s p a t i a l  r e s o l u t i o n  has so  f a r  n o t  been c a r r i e d  

o u t ,  o u r  p r e l i m i n a r y  assessment i s  t h a t  volume elements o f  t h e  

o r d e r  o f  3% a r e  r e s o l v a b l e  i n  t h e  r e g i o n  o f  t h e  s teep  con- 

d u c t i v i t y  r i s e  w i t h  depth.  

A fundamental d i f f e r e n c e  o f  t he  Moon f rom t h e  e a r t h  a r i s e s  

f rom t h e  s o l a r  wind.  When the  ang le  between the  Moon-sun l i n e  

and t h e  l o c a l  v e r t i c a l  a t  t h e  LSM i s  a p p r e c i a b l y  l e s s  than go", 

t h e  dynamic p ressure  o f  t h e  s o l a r  w ind  i s  known t o  compress 

t h e  induced magnet ic  f i e l d  i n t o  t h e  l e s s  conduct ing  subsur face 

l a y e r s  o f  t he  Moon ( S O N E T T  e t  a l , ,  1971a), a p p r e c i a b l y  a m p l i f y -  

i n g  t h e  i n d u c t i o n  o v e r  t h a t  i n  a pure vacuum o r  a nonconduct ing 

atmosphere. T h i s  d i s t i n c t i o n  t o g e t h e r  w i t h  the  presence o f  

t h e  d iamagnet ic  c a v i t y  r e s u l t s  i n  a d a y - n i g h t  i n d u c t i o n  asymmetry. 

MECHANISM OF THE I N D U C T I O N  

E lec t romagne t i c  i n d u c t i o n  i n  t h e  Moon i s  dependent upon 

a v a r i e t y  o f  d i s c o n t i n u i t i e s  and waves i n  t h e  s o l a r  wind.  The 

f o r c i n g  f u n c t i o n  wh ich  d r i v e s  t h e  i n d u c t i o n  i s  composed o f  the  

s teady i n t e r p l a n e t a r y  magnet ic  f i e l d  upon which i s  superimposed 

a hydromagnet ic r a d i a t i o n  cont inuum due t o  ( 1 )  plasma waves 

a r i s i n g  presumably i n  t h e  s o l a r  atmosphere and subsequent ly  

convected and propagated outwards,  ( 2 )  waves due t o  l o c a l  

i n s t a b i l i t i e s  i n  t h e  s o l a r  wind,  and ( 3 )  d i s c r e t e  l a r g e  amp l i t ude  

events  such as c o l l i s i o n - f r e e  shock waves, t a n g e n t i a l  d i s -  
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c o n t i n u i t i e s ,  and A l f v & n  waves ( c f ,  COLBURN and SONETT,  1966"). 

The e l e c t r o m a g n e t i c  i n t e r a c t i o n  i n c l u d e s  t o r o i d a l  and 

p o l o i d a l  magnet ic  f i e l d s .  The p r i n c i p l e  e x c i t a t i o n s  f o r  these 

a r e  a )  t h e  i n t e r p l a n e t a r y  e l e c t r i c  f i e l d  ( i n  a r e f e r e n c e  

frame comoving w i t h  t h e  Moon) g i v e n  by E = v x - 6 , where - v 

i s  t h e  v e l o c i t y  o f  t h e  Moon r e l a t i v e  t o  t h e  s o l a r  w ind  and - B 

t h e  ins tan taneous i n t e r p l a n e t a r y  magnet ic  f i e l d ,  and b )  t h e  

t ime  r a t e  o f  change o f  t h e  i n t e r p l a n e t a r y  f i e l d ,  - B . The two 

modes correspond r e s p e c t i v e 1  y t o  t r a n s v e r s e  magnet ic  (TM) and 

t r a n s v e r s e  e l e c t r i c  (TE)  e x c i t a t i o n .  Bo th  modes d i s p l a y  s t r o n g  

f requency  ( f )  dependence. The TE t r a n s f e r  f u n c t i o n  i s  ze ro  a t  

f = 0 and increases  w i t h  i n c r e a s i n g  f e The T E  mode c u r r e n t s  

which c l o s e  w h o l l y  i n  t h e  l u n a r  i n t e r i o r ,  tend t o  be concen t ra ted  

where v a r i a t i o n s  i n  t h e  magnet ic  f i e l d  a r e  damped s u b s t a n t i a l l y .  

W i th  i n c r e a s i n g  f requency ,  t h e  p o l o i d a l  f i e l d s  become compressed 

i n t o  s h e l l s  o f  decreas ing  t h i c k n e s s ,  thus i n c r e a s i n g  t h e  a m p l i f i -  

c a t i o n  o f  t he  magnet ic  f i e l d  as observed a t  t h e  Moon's s u r f a c e .  

Examinat ion o f  t h e  i n t e r i o r  o f  t h e  Moon t o  depths around 800 km 

i s  f a c i l i t a t e d  by t h i s  mode, b u t  f o r  g r e a t e r  depths i s  l i m i t e d  

by t h e  decreased response. 

-m - 

The TM mode a t t a i n s  peak v a l u e  f o r  f = 0 ; i t  remains 

approximate1 y c o n s t a n t  w i t h  i n c r e a s i n g  f u n t i  1 a combina t ion  

o f  c o r e  and 1 i t h o s p h e r i c  c o n d u c t i v i t i e s  f o r c e s  t h e  c u r r e n t s  t o  

9: Al though a l a r g e  body of  exper imenta l  work has subsequent ly  

been pub1 ished, t h i s  paper p r o v i d e s  t h e  e s s e n t i a l  background 
f o r  l a r g e  events .  
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pass w h o l l y  t h rough  t h e  c r u s t  whereupon i t  decreases w i t h  

f u r t h e r  i nc rease  i n  f beyond about  O , O 3  Hz, T h i s  mode i s  

r e s p o n s i b l e  f o r  s teady  s t a t e  bow wave phenomena, A t tempts  t o  

d e t e c t  a bow wave i n  t h e  s o l a r  w i n d  upst ream f r o m  t h e  Moon 

have n o t  met w i t h  success. The TM c u r r e n t  system, wh ich  i s  

r e q u i r e d  t o  pass th rough t h e  l u n a r  c r u s t  and c l o s e  i n  t h e  s o l a r  

wind, i s  consequent ly  l i m i t e d  t o  l e s s  t h a n  l o 5  amperes. How- 

eve r ,  as shown l a t e r ,  t h e  t o t a l  absence o f  t h e  TM mode i s  no t  

assured and ev idence f o r  t h i s  mode i s  p resen t .  

T h e o r e t i c a l  t rea tmen ts  o f  t h e  l u n a r  i n t e r a c t i o n  w i t h  t h e  

s o l a r  w ind  g e n e r a l l y  i n c l u d e  t h e  e f f e c t  o f  t h e  s o l a r  w ind  

dynamic p ressu re  'in c o n f i n i n g  t h e  induced f i e l d  l i n e s  (SONETT 

and COLBURN, 1968; JOHNSON and MIDGLEY, 1968; BLANK and SILL, 

1969; SCHUBERT and SCHWARTZ, 1969). T h i s  e f f e c t  i s  p r o v i d e d  

i n  t h e  model by a f i e l d  c o n f i n i n g  s u r f a c e  c u r r e n t  l a y e r  i n  

t h e  s o l a r  w ind  j u s t  ahead o f  t h e  l u n a r  surface.. P r e l i m i n a r y  

examinat ion  o f  t h e  l u n a r  response u s i n g  t h e  LSM data  shows a 

s t r o n g  ampl i f i c a t i o n  o f  i n c i d e n t  t a n g e n t i a l  d i s c o n t i n u i t i e s  

whose f r e e  s t ream p r o p e r t i e s  a r e  mon i to red  by E x p l o r e r  35 .  

The ampl i f i c a t i o n  occu rs  o n l y  f o r  t h e  v e c t o r  components 

t a n g e n t i a l  t o  t h e  s u r f a c e ;  t h e  normal component tends t o  f o l l o w  

t h e  i n t e r p l a n e t a r y  va lue .  Thus t h e  e x i s t e n c e  o f  a c o n f i n i n g  

c u r r e n t  l a y e r  appears v e r i f i e d  f o r  t h e  sunward s i d e  o f  t h e  Moon. 

The v e r y  s t r o n g  ampl i f i c a t i o n  imp1 i e s  t h a t  t h e  1 i nes  o f  f o r c e  
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a r e  c o n f i n e d  w i t h i n  t h e  Moon t o  a c r u s t a l  l a y e r  hav ing  an 

e l e c t r i c a l  c o n d u c t i v i t y  s u b s t a n t i a l l y  l e s s  than t h a t  o f  t h e  

deeper l a y e r s (  SONETT e t  a1 1971 b )  

THEORY OF THE INDUCTION 

A complete t rea tmen t  o f  t h e  e l e c t r o m a g n e t i c  i n t e r a c t i o n  

would r e q u i r e  a p p r o p r i a t e  match ing  o f  t h e  i n t e r i o r  f i e l d s  t o  

those i n  t h e  plasma su r round ing  t h e  Moon. The e x t e r i o r  f l o w  

f i e l d  shows no marked p e r t u r b a t i o n s  a s i d e  f rom t h e  d iamagnet ic  

c a v i t y .  An a n a l y s i s  based upon an inhomogeneous Moon immersed 

w i t h i n  a p e r f e c t l y  conduc t ing  space i s  used f o r  t h e  sunward 

hemisphere. Th is  simp1 i f i c a t i o n  i s  j u s t i f i e d  s i n c e  c a v i t y  

c u r r e n t  e f f e c t s  a r e  much s m a l l e r  on t h e  sunward hemisphere. 

We c o n s i d e r  t h e  i n t e r a c t i o n  o f  a s o l a r  w ind  f o r c i n g  

magnet ic  f i e l d  o s c i l l a t i o n  

9 

w i t h  a r a d i a l l y  inhomogeneous Moon, The C a r t e s i a n  c o o r d i n a t e  

system ( 5 , 7 , 6 )  w i t h  u n i t  v e c t o r s  T9q,L i s  f i x e d  r e l a t i v e  t o  

t h e  Moon and has i t s  o r i g i n  a t  t h e  Moon's c e n t e r ,  The Moon 

A A A  

- -  

moves w i t h  speed v i n  t h e  n e g a t i v e  5 d i r e c t i o n .  The 

q u a n t i t i e s  Ho and 1 = v / f  a r e  t h e  amp l i t ude  and wavelength,  

r e s p e c t i v e l y ,  o f  t h e  magnet ic  f i e l d  o s c i l l a t i o n ,  The magnet ic  
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f i e l d  f o r c i n g  f u n c t i o n  a l o n e  d r i v e s  t h e  TE l u n a r  response. A 

d e r i v a t i o n  f o r  t h e  TM mode response i s  n o t  i n c l u d e d  he re  be- 

cause i t  must be r e l a t i v e l y  un impor tan t  ( s e e  t h e  d i s c u s s i o n  

i n  t h e  f o l l o w i n g  s e c t i o n ) .  I n  t h e  l u n a r  i n t e r i o r  t h e  s o l u t i o n  

o f  M a x w e l l ' s  equa t ions  f o r  t h e  TE mode can be rep resen ted  by  

t h e  p o t e n t i a l  0, which  s a t i s f i e s  

2 2 o q + k Q = O  

where 

9 w = 2 l l f  k = w y c  + iapw 9 

2 2 

a i s  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  and p and E a r e  

r e s p e c t i v e l y  t h e  magnet ic  p e r m e a b i l i t y  and p e r m i t t i v i t y  of 

t h e  Moon. A l though  some p o s s i b i l i t y  e x i s t s  t h a t  l o c a l  e f f e c t s  

a r e  s i g n i f i c a n t  i n  i n c r e a s i n g  t h e  v a l u e  o f  u. over  t h e  f r e e  

space v a l u e ,  t h e r e  is p r e s e n t l y  no ev idence f o r  t h i s .  DYAL 

and P A R K I N  (1971)  g i v e  ( 1  .03 f 0 . 0 3 ) ~ ~  f o r  t h e  g l o b a l  perme- 

a b i l i t y .  I n  t h e  f o l l o w i n g  d i s c u s s i o n  t h e  va lues  assumed 

f o r  t h e  g l o b a l  permeabi 1 i t y  and p e r m i t t i v i t y  o f  t h e  Moon 

a r e  t h e  f r e e  space va lues  o f  these q u a n t i t i e s .  P o s s i b l e  

depar tu res  o f  t h e  p e r m i t t i v i t y  f r o m  t h e  f r e e  space v a l u e  

a r e  i n s i g n i f i c a n t  i n  t h e  subsequent a p p l i c a t i o n  o f  t h i s  

t h e o r y ,  The equa t ions  f o r  d e t e r m i n i n g  - H f r o m  t h e  p o t e n t i a l  
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R a r e  p resen ted  i n  t h e  Appendix. 

The boundary c o n d i t i o n  a p p l i e d  t o  t h e  TE mode i s  t h e  

c o n t i n u i t y  o f  t h e  normal component o f  t h e  magnet ic  f i e l d  a t  

t h e  l u n a r  s u r f a c e .  T h i s  c o n d i t i o n  r e s u l t s  f r o m  t h e  c o n f i n e -  

ment o f  t h e  induced f i e l d ,  t r e a t e d  as a c u r r e n t  sheet  a t  t h e  

Moon - p 1 a sma i n t e  r f  a ce  e 

The p o t e n t i a l  R i s  g i v e n  by 

R = vvH0 2 sincp 1 P&G&( r )P&(cos0 )  1 9 

,=l 

where ( r , O , c p )  a r e  s p h e r i c a l  p o l a r  c o o r d i n a t e s  w i t h  5 t h e  

p o l a r  a x i s ,  a i s  t h e  l u n a r  r a d i u s ,  P, i s  and 
1 

a r e  a s s o c i a t e d  Legendre po lynomia l s .  The f u n c t i o n s  G, I 

p& 
a r e  s o l u t i o n s  o f  

G, = 0 
r 

w i t h  t h e  boundary c o n d i t i o n s  

9 

( 4 )  

( 5 )  

where 4, a r e  t h e  s p h e r i c a l  Bessel f u n c t i o n s ,  The e q u a t i o n  

f o r  t h e  p o t e n t i a l  and t h e  f o r m  of t h e  boundary c o n d i t i o n s  
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f o l l o w ,  i n  p a r t ,  f rom t h e  c h a r a c t e r  o f  t h e  s p h e r i c a l  harmonic 

expansion o f  t h e  s o l a r  w ind  f o r c i n g  f i e l d ,  g i v e n  i n  t h e  

Appendix. LAHIRI and P R I C E  (1939)  were t h e  f i r s t  t o  o b t a i n  

t h e  r a d i a l  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  TE mode i n  connec t ion  

w i t h  t h e i r  i n v e s t i g a t i o n  o f  t h e  geomagnetic i n d u c t i o n  problem. 

For  t h e  i n t e r p r e t a t i o n  o f  LSM data  we i n t r o d u c e  t h e  modal 

t r a n s f e r  f u n c t i o n  f o r  t h e  t a n g e n t i a l  components o f  t h e  T E  

mode magnet ic  f i e l d  a t  t h e  l u n a r  s u r f a c e  

( s e e  Appendix) 

INSTRUMENTATION AND DATA 

General p r o  l e r t i e s  o f  b o t h  t h e  LSM and t h e  Ames magnetom- 

e t e r  on E x p l o r e r  35 a r e  g i v e n  elsewhere (DYAL e t  a1 1970; 

MIHALOV e t  a1 e 968) .  P r o v i s i o n  has been made i n  t h e  E x p l o r e r  

magnetometer f o r  t h e  suppress ion o f  s p i n  tone modu la t i on  o f  t h e  

data spectrum by u t i l i z i n g  a p a i r  o f  synchronous demodulators 

which opera te  i n  quadra tu re  upon t h e  two s p i n  tone modulated 

s i g n a l s ,  Th is  suppress ion  i s  done on the  s p a c e c r a f t  and can 

be shown t o  l e a d  t o  a t ime  s e r i e s  f rom wh ich  s p i n  modu la t i on  i s  

i d e a l l y  e l i m i n a t e d .  The s i g n a l s  r e t u r n e d  t o  E a r t h  a r e  f o r m a l l y  

i d e n t i c a l  t o  those o b t a i n e d  f rom a nonsp inn ing  i n e r t i a l l y  s t a b l e  
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s p a c e c r a f t  (SONETT,  1966) 

A sample and h o l d  system samples t h e  t h r e e  components o f  

t h e  v e c t o r  a t  a u n i f o r m  r a t e ,  I n  o r d e r  t o  a v o i d  t h e  r i s k  o f  

unacceptab le  a1 i a s  t h e  magnetometer o u t p u t s  a r e  passed th rough  

a low pass f i l t e r  p r i o r  t o  sampling, a c c o r d i n g  t o  t h e  N y q u i s t  

c r i t e r i o n ,  The e f f e c t  o f  f i l t e r  r o l l o f f  i s  s i g n i f i c a n t  f o r  

f r e q u e n c i e s  above 0.025 Hz, wh ich  i s  t h e  3 db p o i n t .  The power 

f requenci  es e 

Spect ra  have been o b t a i n e d  b o t h  f o r  cases where t h e  Moon 

i s  i n  t h e  magnetosheath and a l s o  i n  t h e  f r e e  s t ream s o l a r  w ind .  

The f o r c i n g  f i e l d  d e f i n e d  by E x p l o r e r  35 measurements i s  t r a n s -  

formed i n t o  t h e  l o c a l  LSM c o o r d i n a t e  system ( x  i s  a l o n g  t h e  

normal outwards f r o m  t h e  s u r f a c e ,  y i s  e a s t e r l y  and 2 i s  

n o r t h e r l y  a t  t h e  s i t e  o f  ALSEP and t h e  LSM), The LSM data ,  

wh ich  d e f i n e  t h e  response f i e l d ,  a r e  e d i t e d  t o  e l i m i n a t e  

spu r ious  da ta  and t o  i n s u r e  t i m e  c o n t i n u i t y ,  Time gaps and n o i s e  

i n  t h e  LSM data  a r e  a p e r i o d i c  and a r e  a t t r i b u t e d  t o  t e l e m e t r y  

t r a n s m i s s i o n  and da ta  p rocess ing ,  F o r  t h e  cases s t u d i e d  t h e  

amount o f  da ta  m i s s i n g  o r  d e l e t e d  because o f  gaps and s p u r i o u s  

n o i s e  i s  smal l  (<  5%) .  The da ta  a r e  then  n u m e r i c a l l y  f i l t e r e d  

and decimated i n  o r d e r  t o  a n a l y z e  segments o f  t h e  r e c o r d  w i t h  

approx imate1 y t h e  same sampl i n g  i n t e r v a l  and upper f requency  
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l i m i t  a s  t h a t  from Explorer 35, the l a t t e r  having a N y q u i s t  

1 i m i t  approximate1 y one o rde r  less than LSM. The Explorer data  

a r e  s i m i l a r l y  e d i t e d  t o  insure time c o n t i n u i t y  and t o  remove 

obvious spurious s i g n a l s ,  For the  Explorer data  the  t i m e  s e r i e s  

a r e  continuous f o r  t h e  i n t e r v a l s  s t u d i e d .  Spurious s i g n a l s  a t  

random i n t e r v a l s ,  a r e  removed and again c o n s t i t u t e  a small 

amount of the  t i m e  in te rva l  ( <  5%) .  

T h e  power spec t r a l  d e n s i t i e s  f o r  t he  fo rc ing  and response 

f i e l d s  a r e  computed u s i n g  standard techniques f o r  determining 

the au tocor re l a t ion  func t ion ,  smoothing, and taking t h e  Fourier  

transform ( B E N D A T  and PIERSOL, 1966; JENKINS and WATTS, 1968).  

The spec t ra  a r e  analyzed u s i n g  20 degrees of freedom, and the  

au tocor re l a t ion  func t ion  i s  smoothed w i t h  a Parzen weighting 

funct ion (JENKINS and WATTS, 1968)-  T h i s  g ives  an approximate 

e r r o r  of 25 per cent  i n  each power spec t r a l  dens i ty  e s t ima te .  

We have appl ied  these  techniques t o  seven se l ec t ed  two hour 

swaths and seven se l ec t ed  one hour swaths of d a t a .  Longer 

swaths, w h i c h  would have reduced the horizontal  e r r o r  bars i n  

F i g .  2 ,  were not u s e d  because of t i m e  gaps,  on the order  of 

10-30 minutes,  i n  e i t h e r  t h e  LSM o r  Explorer da t a .  These a r e  

caused by te lemetry shadowing, c a l i b r a t i o n  i n t e r r u p t i o n s ,  e t c .  

A r ep resen ta t ive  s e t  of spec t r a  a t  both Explorer and L S M  

f o r  t h e  y and z magnetic f i e l d  components ( t angen t  t o  t h e  
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s u r f a c e )  i s  shown i n  F i g .  1 .  The f o r c i n g  s p e c t r a  a r e  seen t o  

d i s p l a y  t h e  expected f s 2  dependence c h a r a c t e r i s t i c  o f  i n t e r -  

p l a n e t a r y  f l u c t u a t i o n s ,  w h i l e  t h e  LSM shows an f - l  dependence e 

Thus s i g n i f i c a n t  f requency  dependent power a m p l i f i c a t i o n  i s  

apparent  i n  t h e  r e c o r d .  

The e m p i r i c a l  t r a n s f e r  f u n c t i o n  A i ( f )  i s  d e f i n e d  by 

where h2i ( f )  and h l i  ( f )  a r e  t h e  F o u r i e r  t rans fo rmed  t i m e  

s e r i e s  of t h e  magnet ic  f i e l d  induced i n  t h e  Moon and measured 

on t h e  l u n a r  s u r f a c e ,  and t h e  f r e e  s t ream i n t e r p l a n e t a r y  

magnet ic  f i e l d ,  r e s p e c t i v e l y ,  and t h e  s u b s c r i p t  i i s  x,  y 

o r  z .  The LSM measures t h e  sum h2i ( f )  + h l i  ( f )  w h i l e  t h e  

f r e e  s t ream magnet ic  f i e l d ,  h l i  ( f )  i s  measured by t h e  Ames 

magnetometer on t h e  l u n a r  o r b i t i n g  s a t e l l i t e ,  E x p l o r e r  3 5 .  

F i g .  2 shows t h e  average r a t i o  o f  power s p e c t r a l  d e n s i t i e s  

M i ( f )  The mean va lues  a r e  t h e  a r i t h m e t i c  averages u s i n g  t h e  

14 swaths o f  da ta ,  The e r r o r  b a r s  a r e  t h e  one s tandard  d e v i a -  

t i o n  l i m i t s  o f  t h e  mean c a l c u l a t e d  f r o m  t h e  t r a n s f e r  f u n c t i o n s  

f o r  t h e  14 t i m e  swaths, The ba rs  do n o t  i n c l u d e  t h e  e r r o r  

e s t i m a t e s  I n  t h e  c a l c u l a t i o n  o f  t h e  i n d i v i d u a l  s p e c t r a .  They 

a r e p  howevers c o n s i s t e n t  w i t h  t h e  p r o p a g a t i o n  o f  e r r o r s  i n  t h e  
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i n d i v i d u a l  s p e c t r a .  The va lues  o f  A x  1 i e  near u n i t y  a t  a1 1 

f r e q u e n c i e s  i n d i c a t i n g  t h a t  t h e  i n t e r i o r  conduc t ing  r e g i o n  i s  

r e l a t i v e l y  f a r  f rom the  magnetometer compared t o  t h e  d i s t a n c e  

t o  t h e  plasma c u r r e n t  sheath on the  sunward s i d e  o f  t h e  Moon. 

C h a r a c t e r i s t i c a l l y  t h e  ampl i f i c a t i o n  r i s e s  f rom near  u n i t y  f o r  

b o t h  A and A Z  a t  0.001 Hz u n t i l  va lues  near 4 a r e  a t t a i n e d  

above about  0.02 Hz. Values o f  

A Z  ove r  t h e  e n t i r e  f requency  range. Th is  d e p a r t u r e  inc reases  

f r a c t i o n a l l y  as f requency  i s  decreased. I t  is  p l a u s i b l e  t h a t  

t h e  l u n a r  TM response i s  f requency  dependent a t  f r e q u e n c i e s  

above about  0.01 Hz. I f  so t h e  response f o r  t h e  TM mode shou ld  

decrease w i t h  f requency  i n  accordance w i t h  t h e  o b s e r v a t i o n .  

T h i s  i s  t h e  s t r o n g e s t  ev idence f o r  c o n t r i b u t i o n s  f rom b o t h  t h e  

TE and TM modes. An a l t e r n a t e  p o s s i b i l i t y  t h a t  t h e  b a s i c  

response i s  p u r e l y  TE and t h a t  t h e  Moon i s  a s y m m e t r i c a l l y  ex-  

c i t e d  seems l e s s  c o n v i n c i n g  b u t  cannot be r u l e d  o u t  a t  p resen t .  

We have n o t  y e t  found a comp le te l y  s a t i s f a c t o r y  e x p l a n a t i o n  f o r  

why the  nor thward  component o f  t h e  e x c i t a t i o n  i s  s y s t e m a t i c a l l y  

h i g h e r  than t h e  eastward component. The impor tan t  f a c t s  a r e  

t h a t  t hey  b o t h  have t h e  same s l o p e  and change i n  s lope  around 

0,Ol Hz. We conclude t h a t  t h e  l u n a r  t r a n s f e r  f u n c t i o n  i s  

dominated by t h e  TE mode w i t h  p o s s i b l e  c o n t r i b u t i o n s ,  espec ia l  1 y 

a t  t h e  lower  f r e q u e n c i e s ,  f rom t h e  TM mode. 

Y 
a r e  l e s s  than t h o s e ' o f  

A Y  

A s i g n i f i c a n t  s c a t t e r  appears i n  t h e  ampl i f  i c a t i o n s  A i  
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T h i s  s c a t t e r  i s  s u b s t a n t i a l l y  reduced by t a k i n g  averages o v e r  

many A i  , b u t  i s  e x a c t  o n l y  i f  t h e  e r r o r s  have z e r o  mean, 

wh ich  i s  a p p r o x i m a t e l y  t h e  case as  shown i n  F i g .  3. ,  A combina- 

t i o n  o f  a l l  t h e  da ta  p o i n t s  a ( f )  = {$ (A;(f) + A f ( f ) ) j 2  f o r  

a l l  f r e q u e n c i e s  up t o  0,035 Hz has been made i n  o r d e r  t o  

i n v e s t i g a t e  t h e  d i s t r i b u t i o n  o f  t h e  r a t i o s  o f  t h e  power 

s p e c t r a l  d e n s i t i e s .  The d i s t r i b u t i o n  shown i n  F i g .  3 i s  a 

h i s t o g r a m  o f  t h e  number o f  cases vs. t h e  d i f f e r e n c e  o f  t h e  

measured v a l u e  7T f r o m  t h e  mean a t  each f requency ,  normal i z e d  

by t h e  s tandard  d e v i a t i o n  a t  t h a t  f requency  and we igh ted  by 

t h e  expected e r r o r  ( A ( f o ) / A ( f ) )  e The f i g u r e  shows t h a t  t h e  

d i s t r i b u t i o n  i s  somewhat more s h a r p l y  peaked than  a normal one 

and a l s o  has a smal l  b i a s ,  

- 1  - 

The sources o f  t h e  v a r i a t i o n s  i n  t h e  A i  may o r i g i n a t e  i n  

any o f  seve ra l  p o s s i b l e  ways: 1 )  t h e  presence o f  c o n t a m i n a t i o n  

e s p e c i a l l y  i n  t h e  E x p l o r e r  da ta  f r o m  s p u r i o u s  tones i n  t h e  

s p a c e c r a f t ;  2 )  t h e  c o n t r i b u t i o n  t o  i n d u c t i o n  f r o m  h i g h e r  o r d e r  

modes; 3 )  f l u c t u a t i o n s  i n  c a v i t y  c u r r e n t s  i n  t u r n  due t o  

changing diamagnetism i n  t h e  s o l a r  w ind ;  4 )  t h e  p o s s i b l e  c o n t r i -  

b u t i o n  o f  TM modes t o  t h e  p redominan t l y  TE s p e c t r a ;  5 )  t h e  p o s s i -  

b i  1 i t y  t h a t  some f i e l d  1 i n e  leakage takes  p l a c e  where t h e  

component o f  s o l a r  w i n d  plasma p ressu re  normal t o  t h e  s u r f a c e  

f a l l s  below t h e  p ressu re  o f  t h e  induced magne t i c  f i e l d .  These 

f a c t o r s  may a l s o  c o n t r i b u t e  t o  t h e  droop o f  t h e  average A i  a t  
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t h e  h i g h e r  f requenc ies ,  I t  shou ld  be no ted  t h a t  t h e r e  i s  no 

c o r r e l a t i o n  between t h e  A i  and sun ang le ,  i m p l y i n g  t h a t  f i e l d  

l i n e  conf inement  i s  e f f e c t i v e  f o r  t h e  da ta  used here  ( sun  ang les  

l e s s  than  6 5 " ) .  

LUNAR ELECTRICAL C O N D U C T I V I T Y  PROFILE 

The t h e o r y  o f  l u n a r  i n d u c t i o n ,  d iscussed e a r l i e r ,  has 

been used t o  d e r i v e  a p r o f i l e  o f  e l e c t r i c a l  c o n d u c t i v i t y  f r o m  

t h e  e m p i r i c a l  t r a n s f e r  f u n c t i o n .  The t h e o r e t i c a l  amp1 i f i c a t i o n  

f o r  t h e  l owes t  TE mode, computed by n u m e r i c a l l y  i n t e g r a t i n g  

Eq, ( 5 )  w i t h  a r a d i a l l y  dependent c o n d u c t i v i t y ,  i s  matched t o  

t h e  e m p i r i c a l  t r a n s f e r  f u n c t i o n  u s i n g  a Newton-Raphson i t e r a t i v e  

scheme. T h i s  scheme r e a d j u s t s  t h e  e n t i r e  c o n d u c t i v i t y  p r o f i l e  

t o  y i e l d  a m p l i f i c a t i o n s  wh ich  b e s t  f i t  t h e  da ta  i n  a l e a s t -  

squares sense o v e r  t h e  e n t i r e  f requency  range. T h i s  has been 

c a r r i e d  o u t  u s i n g  f requency  va lues  of 0.83, 1.7,  5 ,  12, 1 7 ,  22, 

25 and 35 m i l l  i h z .  The c o n d u c t i v i t y  p r o f i l e  i s  c h a r a c t e r i z e d  

by i t s  va lues  a t  t h e  r a d i a l  l o c a t i o n s  r = 800, 1200, 1400, 

1450, 1490, 1510,  1550 and 1740 km. Fo r  r < 800 km t h e  con- 

d u c t i v i t y  CT i s  s e t  t o  t h e  v a l u e  a t  r = 800 km ; e lsewhere 

a l i n e a r  i n t e r p o l a t i o n  o f  l o g  IS i s  used. 

The computer c a l c u l a t i o n  i s  s t a r t e d  w i t h  a cont inuous  

c o n d u c t i v i t y  p r o f i l e  d e f i n e d  by 8 parameters as desc r ibed  

above, Numerical i n t e g r a t i o n s  a r e  c a r r i e d  o u t  t o  o b t a i n  
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va lues  o f  ampl i f  [ c a t i o n  a t  t h e  e i g h t  f r e q u e n c i e s ,  A comparison 

of these a m p l i f i c a t i o n s  w i t h  t h e  da ta  p r o v i d e s  t h e  Newton- 

Raphson scheme w i t h  t h e  i n p u t  r e q u i r e d  t o  a d j u s t  t h e  8 con- 

d u c t i v i t y  parameters t o  y i e l d  a p r o f i l e  whose co r respond ing  

t h e o r e t i c a l  ampl i f i c a t i o n  cu rve  i s  a b e t t e r  l e a s t - s q u a r e s  f i t  

t o  t h e  e m p i r i c a l  t r a n s f e r  f u n c t i o n .  The i t e r a t i o n  i s  con t i nued  

u n t i l  an adequate f i t  i s  ob ta ined .  The r e s u l t  o f  such a f i t  

t o  t h e  e m p i r i c a l  a m p l i f i c a t i o n  cu rve  A = { $ ( A  + A , ) ] T  i s  

shown i n  F i g .  4. The i n t r o d u c t i o n  o f  A p e r m i t s  t h e  use o f  

b o t h  A and A, da ta  t o  improve t h e  s t a t i s t i c s .  The d i f -  

f e rences  between t h e  t h e o r e t i c a l  ampl i f i c a t i o n  and t h e  e m p i r i -  

ca l  A a r e ,  i n  o u r  assessment, p a r t i a l l y  a t t r i b u t a b l e  t o  t h e  

v a r i o u s  compl i c a t i o n s  o f  t h e  e x c i t a t i o n  process enumerated a t  

t h e  end o f  t he  p r e v i o u s  s e c t i o n  ( n o t  accounted f o r  by t h e  

t h e o r y ) ,  as w e l l  as c o n s i d e r a t i o n s  o f  computer r u n n i n g  t ime  

which 1 i m i t s  t h e  number o f  f r e q u e n c i e s  and c o n d u c t i v i t y  para-  

meters ( s p a t i a l  r e s o l u t i o n )  employed. 

2 2 '  
Y 

Y 

A c o n d u c t i v i t y  p r o f i l e  i s  a s s o c i a t e d  w i t h  the t h e o r e t i c a l  

a m p l i f i c a t i o n  cu rve  o f  F i g .  4. I n  a d d i t i o n  we have o b t a i n e d  

c o n d u c t i v i t y  p r o f i l e s  by f i t t i n g  n o t  o n l y  A b u t  a l s o  

A Z  and t h e i r  one s tandard  d e v i a t i o n  l i m i t s .  The c o n d u c t i v i t y  

p r o f i l e s  d e r i v e d  f r o m  t h e  i t e r a t i v e  l e a s t  squares i n v e r s i o n  

f o r  A 

'in each c o n d u c t i v i t y  p r o f i l e  i s  an i n v a r i a n t  c h a r a c t e r i s t i c  

A Y  

and a r e  shown i n  F i g .  5 .  The prominent  s p i k e  y , 
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o f  t h e  i n v e r s i o n s ,  I t  i s  cen te red  a t  about  r = 1500 km where 

t h e  c o n d u c t i v i t y  i s  n e a r l y  mhos/m. The i n n e r  minimum l i e s  

a t  about  r = 1400 km and t h e  c o n d u c t i v i t y  appears t o  r i s e  a t  

g r e a t e r  depth.  Gross bounds on  t h e  c o n d u c t i v i t y  p r o f i l e  a r e  

seen i n  t h e  i n s e r t ;  these a r e  determined f r o m  t h e  one s tandard  

d e v i a t i o n  l i m i t s  o f  t h e  v a r i o u s  A ' s ,  b u t  do n o t  themselves 

rep resen t  one s tandard  d e v i a t i o n  l i m i t s  on t h e  c o n d u c t i v i t y  

p r o f  i 1 e. 

The computer c a l c u l a t i o n s  f o r  F i g s .  4 and 5 s t a r t e d  w i t h  

a c o n s t a n t  c o n d u c t i v i t y  o f  mhos/m. However, a number o f  

computat ions have been c a r r i e d  o u t  u s i n g  d i f f e r e n t  va lues  f o r  

u n i f o r m  s t a r t i n g  c o n d u c t i v i t i e s  (e .9.  and mhos/m) and 

d i f f e r e n t  r a d i a l  l o c a t i o n s .  I n  eve ry  case t e s t e d ,  i n i t i a l  

convergence was r a p i d  and t h e  f i n a l  c o n d u c t i v i t y  p r o f i l e  i n v a r i -  

a b l y  d i s p l a y e d  t h e  prominent  s p i k e  near  r = 1500 km. For  t h e  

p r o f i l e s  r e p o r t e d  here,  severa l  va lues  o f  r were chosen i n  

t h e  neighborhood o f  r = 1500 km t o  b e t t e r  d e f i n e  t h e  con- 

d u c t i v i t y  sp i ke .  

Whereas t h e  l a r g e  s p i k e  i n  c o n d u c t i v i t y  i s  a p e r s i s t e n t  

f e a t u r e  o f  the  i n v e r s i o n s ,  t h e  c h a r a c t e r  o f  t h e  c o n d u c t i v i t y  

p r o f i l e  a t  g r e a t e r  depth,  where t h e  c o n d u c t i v i t y  appears t o  

r i s e ,  i s  n o t  so  c e r t a i n  and o u r  r e s u l t s  f o r  t h e  c o n d u c t i v i t y  

a t  these depths must remain t e n t a t i v e ,  The s u r f a c e  a m p l i f ' i c a -  
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t i o n  i s  a r a t h e r  i n s e n s i t i v e  f u n c t i o n  o f  c o r e  c o n d u c t i v i t y  

because o f  t h e  r e l a t i v e l y  small  c o r e  volume and t h e  d i s t a n c e  

t o  t h e  s u r f a c e ,  

F i g u r e  6 shows t h e  manner i n  wh ich  t h e  a m p l i t u d e  and 

phase o f  t h e  r e l a t i v e  f i e l d  s t r e n g t h  v a r y  w i t h  depth  i n  t h e  

Moon, i n d i c a t i n g  d i f f e r e n t  degrees o f  f i e l d  compression a t  

v a r i o u s  f r e q u e n c i e s .  The c o n d u c t i v i t y  p r o f i l e  used i n  t h i s  

c a l c u l a t i o n  was t h e  one a s s o c i a t e d  w i t h  t h e  t h e o r e t i c a l  f i t  

of a ( s e e  Fig.. 5 ) .  I n  t h e  range r = 1500 t o  1740 km , t h e  

f i e l d  i s  e s s e n t i a l l y  c o n s t a n t  and phase s h i f t  i s  s m a l l ,  con- 

s i s t e n t  w i t h  t h e  low c o n d u c t i v i t y  ( l a r g e  s k i n  depth)  i n  t h i s  

reg ion .  The l a r g e  r i s e  i n  c o n d u c t i v i t y  a t  r = 1500 km 

produces a p e n e t r a t i o n  b a r r i e r  ( s m a l l  s k i n  dep th )  f o r  t h e  

h i g h e r  f r e q u e n c i e s ,  Below t h i s  b a r r i e r  t h e  h i g h  f requency  

v a r i a t i o n s  i n  t h e  f i e l d  a r e  low i n  a m p l i t u d e  and have l a r g e  

phase s h i f t s ,  Over t h e  h i g h  f requency  range t h e  b a r r i e r  

e s s e n t i a l l y  c o n f i n e s  f i e l d  1 ines  t o  t h e  o u t e r  r e g i o n ,  produc-  

i n g  a n e a r l y  c o n s t a n t  ampl i f i c a t i o n  w i t h  f requency ,  c o n s i s t e n t  

w i t h  t h e  da ta .  Fo r  t h e  lower  f r e q u e n c i e s  t h e  b a r r i e r  i s  n o t  

e f f e c t i v e  and t h e  r e l a t i v e l y  l o w  c o n d u c t i v i t y  i n  t h e  range 

r < 1500 km a l l o w s  t h e  f i e l d  t o  p e n e t r a t e  t o  t h e  deep interior, 

y i e l d i n g  a s m a l l e r  ampl ' i f i c a t i o n .  Where phase s h i f t s  a r e  g r e a t e r  

t han  9 0  deg t h e  f i e l d  l i n e s  connected w i t h . t h e  d r i v i n g  f i e l d  

have been exc luded;  t h e  r e s u l t i n g  compression leads  t o  t h e  
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ampl i f i c a t i o n ,  

COMPARISON WITH OTHER C O N D U C T I V I T Y  PROFILES 

A p h y s i c a l  unders tand ing  o f  t h e  appearance o f  t h e  l a r g e  

c o n d u c t i v i t y  s p i k e  can be o b t a i n e d  as f o l l o w s .  I n  a t w o  

l a y e r  model w i  t h  an i n f i n i t e l y  c o n d u c t i n g  c o r e  and a non- 

conduc t ing  s h e l l  t h e  ampl i f  i c a t i o n  o f  t h e  t a n g e n t i a l  magnet ic  

f i e l d  components i s  g i v e n  

3 ( c o r e  volume) ' -k 4 (she1 1 volume) 

T h i s  s imp le  r e s u l t  r e q u i r e s  t h a t  t h e  h i g h  f requency  s k i n  dep th  

b a r r i e r  be near  r = 1500 km f o r  an a m p l i f i c a t i o n  x 4 . A t  

f r e q u e n c i e s  above 0.02 Hz e s s e n t i a l l y  no wave. p e n e t r a t i o n  takes  

p l a c e  th rough  t h i s  b a r r i e r .  Thus t h e  volume a v a i l a b l e  i n  t h e  

c o r e  f o r  f i e l d  l i n e s  i s  i n s i g n i f i c a n t  compared t o  t h a t  i n  t h e  

nonconduct ing  s h e l l .  T h i s  means t h a t  t h e  a m p l i f i c a t i o n  be- 

comes independent o f  f requency ,  i . e ,  dA/df  -+ 0 a t  h i g h  

f requency .  Concur ren t  w i t h  t h e  h i g h  f requency  l i m i t a t i o n  i s  

t h e  requ i rement  t h a t  A drop  t o  near  u n i t y  a t  t h e  lower  

f r e q u e n c i e s .  I f  i t  were assumed t h a t  t h e  e l e c t r i c a l  con- 

d u c t i v i t y  were monotonic ,  so t h a t  t h e  i n t e r i o r  c o n d u c t i v i t y  

were u n i f o r m l y  h igh ,  then t h e  l o w  f requency  amp1 i f  i c a t i o n  

would be i n  excess o f  t h e  observed va lues ,  
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w i t h  t h e  ampl i f  

o f  F i g .  5 ( l a b e  

seve ra l  monoton 

The inadequacies o f  monotonic  c o n d u c t i v i t y  p r o f i l e s  a r e  

shown i n  F i g .  7 .  The exper imen ta l  r . m . s .  a m p l i f i c a t i o n  da ta  

A ( c i r c l e d  p o i n t s  w i t h  a s s o c i a t e d  e r r o r  b a r s )  can be compared 

c a t i o n  c u r v e  f o r  t h e  A c o n d u c t i v i t y  p r o f i l e  

l e d  "bes t  f i t " )  and a m p l i f i c a t i o n  curves  o f  

c c o n d u c t i v i t y  p r o f i l e s ,  The "2 l a y e r "  ampl i -  

f i c a t i o n  cu rve  was c a l c u l a t e d  f o r  a model w i t h  a c o r e  o f  r a d i u s  

o f  1560 km and a c o n s t a n t  c o n d u c t i v i t y  o f  7 . 6 ~ 1 O - ~  mhos/m, and 

a s h e l l  o f  z e r o  c o n d u c t i v i t y .  T h i s  v a l u e  o f  t h e  c o r e  con- 

d u c t i v i t y  p r o v i d e s  a b e s t  f i t  t o  t h e  exper imen ta l  A f o r  t h e  

g i v e n  c o r e  r a d i u s .  Other  b e s t  f i t  t w o  l a y e r  models w i t h  

d i f f e r e n t  c o r e  r a d i i  have been i n v e s t i g a t e d ;  t h e  one used i n  

F i g .  7 y i e l d s  an ampl i f i c a t i o n  c u r v e  wh ich  matches t h e  da ta  

most c l o s e l y .  The ampl i f  i c a t i o n  c u r v e  l a b e l  l e d  DYAL and P A R K I N  

(1971)  was computed f r o m  a 3 l a y e r  c o n d u c t i v i t y  model proposed 

2 by these a u t h o r s ,  The parameters o f  t h e i r  model a r e  CT = 10- 

mhos/m f o r  0 < r < 1044 km, CT = 1 . 7 ~ 1 0 - ~  mhos/m 

r < 1653 km and o = 0 i n  t h e  o u t e r  s h e l l ,  I n  o t h e r  3 l a y e r  

c o n d u c t i v i t y  models c o n s i s t e n t  w i t h  t h e  da ta  a n a l y s i s  o f  DYAL 

and P A R K I N  ( 1 9 7 1 ) ,  t h e  o u t e r  boundary o f  t h e  r e g i o n  o f  i n t e r -  

med ia te  c o n d u c t i v i t y  can be l o c a t e d  anywhere between r = 1653 

and 1740 km. We have computed t h e  a m p l i f i c a t i o n  curves  f o r  a 

number o f  these a d d i t i o n a l  3 l a y e r  models; none p r o v i d e  a 

b e t t e r  f i t  t o  t h e  o b s e r v a t i o n a l  curve .  A l s o  shown i n  F i g .  7 

a r e  a m p l i f i c a t i o n  curves  f r o m  c o n d u c t i v i t y  p r o f i l e s  proposed 

f o r  1044 km < 
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by SILL (1971)  (model 3 i n  t h a t  paper )  and NESS ( 1 9 6 9 ) .  

Other  c o n d u c t i v i t y  models i n v e s t i g a t e d  by SILL (1971)  f i t  t h e  

exper imenta l  da ta  no b e t t e r  than h i s  model 3.  The c o n d u c t i v i t y  

model of NESS (1969)  c o n s i s t s  o f  a c o r e  o f  r a d i u s  1426 km 

w i t h  CT = 8 ~ 1 O - ~  mhos/m, and a nonconduct ing  s h e l l .  A m p l i f i -  

c a t i o n  curves  f r o m  c o n d u c t i v i t y  models o f  WARD (1969)  were 

a l s o  cons ide red  b u t  these were r e j e c t e d  upon comparison w i t h  

t h e  o b s e r v a t i o n a l  da ta .  

The "2 l a y e r "  a m p l i f i c a t i o n  cu rve  shown i n  F g. 7 i s ,  

compared t o  t h e  exper imenta l  d a t a ,  h i g h  a t  f < 0 0035 Hz and 

f > 0.03 Hz, and l o w  i n  t h e  range 0.01 Hz < f < 0 02 Hz. The 

da ta  show a f l a t  response a t  f r e q u e n c i e s  above 0.02 Hz, whereas 

t h e  s l o p e  of t h e  "2 l a y e r "  c u r v e  i s  h i g h  a t  these f r e q u e n c i e s .  

Fur thermore  as t h e  f requency  i nc reases  t h e  c u r v a t u r e  o f  t h e  

da ta  changes f r o m  p o s i t i v e  t o  n e g a t i v e  a t  about  0.003 Hs. The 

"2 l a y e r "  amp1 i f i c a t i o n  c u r v e  i s  everywhere concave up. s__ T h i s  

work i s  i n  p rog ress  t o  improve t h e  h i g h  f requency  s l o p e  o f  o u r  

"bes t  f i t "  model, T h i s  w i l l  p r o b a b l y  l e a d  b o t h  t o  a h i g h e r  

v a l u e  o f  t h e  maximum c o n d u c t i v i t y  and a s teeper  s l o p e  o f  t h e  

c o n d u c t i v i t y  p r o f i l e  a t  t h e  o u t e r  edge, e f f e c t s  wh ich  w i l l  

tend  t o  sharpen t h e  c o n d u c t i v i t y  s p i k e  i n  o r d e r  t o  a l l o w  

p e n e t r a t i o n  o f  l o w  f requency  magnet ic  f i e l d  f l u c t u a t i o n s .  
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COMPOSITIONAL AND THERMAL MODEL 

The e l e c t r i c a l  c o n d u c t i v i t y  p r o f i l e  cannot  be e x p l a i n e d  

by a u n i f o r m  m a t e r i a l  and a p l a u s i b l e  thermal  p r o f i l e ,  I n  

t h e  r e g i o n  f r o m  t h e  s u r f a c e  t o  r = 1500 km where t h e  con- 

d u c t i v i t y  a t t a i n s  i t s  maximum v a l u e ,  t h e  r i s e  o f  c o n d u c t i v i t y  

w i  t h  dep th  i s  a reasonab le  consequence o f  t h e  accompanying 

i nc rease  o f  tempera ture  i n  a m a t e r i a l  o f  u n i f o r m  compos i t i on .  

Below r = 1400 km t h e  apparent  r i s e  i n  c o n d u c t i v i t y  i s  a g a i n  

e x p l a i n a b l e  by an i nc rease  i n  tempera ture .  On t h e  o t h e r  hand 

t h e  p r e c i p i t o u s  decrease o f  e l e c t r i c a l  c o n d u c t i v i t y  by 2 t o  3 

o r d e r s  between r = 1500 and 1400 km cannot  be e x p l a i n e d  as 

due t o  tempera ture .  E i t h e r  a compos i t i ona l  change, phase 

change, o r  a combina t ion  o f  t h e  two i s  r e q u i r e d .  Thus a 

reasonable model f o r  s t r a t i f i c a t i o n  o f  t h e  Moon, l i m i t e d  by 

t h e  p r e s e n t  poor  s p a t i a l  r e s o l u t i o n  of t h e  a n a l y s i s  i n d i c a t e s  

a c o r e  o u t  t o  I" M 1400 km o v e r l a i n  by a m a n t l e  o f  h i g h e r  

c o n d u c t i v i t y  m a t e r i a l  p l u s  p o s s i b l y  a t r a n s i t i o n  l a y e r  a t  

r = 1400 - 1500 km. 

I n  o r d e r  t o  i n f e r  a tempera ture  p r o f i l e  f r o m  t h e  con- 

d u c t i v i t y  p r o f i l e  i t  i s  necessary t o  use c o n d u c t i v i t y - t e m p e r a -  

t u r e  f u n c t i o n s  o f  known r o c k  m a t e r i a l s ,  The A p o l l o  b a s a l t s  

(SCHWERER e t  a1 e 9  1970; NAGATA e t  a1 1970) a r e  r e p r e s e n t a t i v e  

o f  t h e  most c o n d u c t i n g  r o c k y  m a t t e r  known, On t h e  o t h e r  hand 

o l i v i n e  ( d u n i t e )  o r  o l i v i n e - p e r i d o t i t e  (ENGLAND e t  a l , ,  1968) 
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i s  r e p r e s e n t a t i v e  o f  p o o r l y  c o n d u c t i n g  g e o l o g i c a l  m a t e r i a l  e 

The peak c o n d u c t i v i t y  v a l u e  found  i n  t h e  l u n a r  m a n t l e  c o r r e -  

sponds t o  a tempera ture  o f  about  450°C f o r  l u n a r  b a s a l t  o r  

950°C f o r  o l i v i n e ,  S ince  t h e  tempera ture  j u s t  under t h e  l u n a r  

s u r f a c e  i s  -30°C, t h e  co r respond ing  thermal  g r a d i e n t s  i n  t h e  

o u t e r  m a n t l e  a r e  about  Z°K/km and 4'K/km. 

The p r e c i p i t o u s  decrease i n  e l e c t r i c a l  c o n d u c t i v i t y  o f  

3 10' - 10 

i n  a d i s t a n c e  where t h e  tempera ture  r i s e s  a t  l e a s t  100 degrees.  

Whi le  t h e  a b s o l u t e  c o n d u c t i v i t i e s  o f  t h e  m a t e r i a l s  a r e  unsure 

because o f  i m p u r i t i e s ,  e t c . ,  i t  seems c l e a r  t h a t  t h e  change i n  

c o n d u c t i v i t y  around 300 km dep th  r e q u i  res  a change i n composi t i o n .  

Thus one model f i t t i n g  t h e  da ta  has an o l i v i n e - l i k e  co re ,  

p o s s i b l y  a lower  man t le  composed o f  a n l a t e r i a l  t r a n s i t i o n a l  

between t h e  s u b s t r a t e  and t h e  upper m a n t l e ,  and an upper 

as dep th  inc reases  f r o m  250 km t o  350 km takes  p l a c e  

man t le  hav ing  t h e  c o n d u c t i v i t y  o f  A p o l l o  b a s a l t  ( s e e  F i g .  8 ) .  

S ince  t h e  p resen t  f requency  r e s o l u t i o n  i s  i n s u f f i c i e n t  t o  

e s t i m a t e  t h e  c o n d u c t i v i t y  c l o s e  t o  t h e  s u r f a c e ,  these r e s u l t s  

do n o t  p r e c l u d e  t h e  presence o f  an a n o r t h o s i t i c  c r u s t  (WOOD 

e t  a1 o 9  1970). The volume o f  t h e  m a n t l e  comprises abou t  one 

h a l f  t h e  t o t a l  volume o f  t h e  Moon, To f i l l  i t  c o m p l e t e l y  w i t h  

a b a s a l t i c  e x t r a c t  i s  i n  c o n f l  i c t  w i t h  geochemical c o n s t r a i n t s  

wh ich  'imply a t  m o s t  a l 0 - 1 5 %  c o n t r i b u t i o n  by volume, The upper 

man t le  may have t o  be composed o n l y  p a r t l y  of a b a s a l t - l i k e  
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substance t o  account  f o r  t h e  apparen t  dependence o f  t h e  upper 

man t le  c o n d u c t i v i t y  upon tempera ture .  The a c t u a l  b a s a l t - 1  i k e  

t h i c k n e s s  cannot  be assayed y e t  because o f  1 i m i  t e d  s p a t i a l  

r e s o l u t i o n ,  An a1 t e r n a t i v e  model wh ich  a v o i d s  t h e  d i f f i c u l t y  

o f  f i n d i n g  a source  o f  so much b a s a l t  has a l a y e r  o f  i r o n  con- 

c e n t r a t i o n  a t  r = 1400 t o  1500 km, such as c o u l d  o c c u r  f r o m  

a d i f f e r e n t i a t i o n  o f  t h e  o u t e r  340 km (WOOD e t  a1 1970; c f  

UREY e t  a1 ., 1971 ) .  

Fo r  o u r  compos i t i ona l  model t h e  tempera ture  a t  r = 1500 km 

i s  450°C and t h e  average near  s u r f a c e  thermal  g r a d i e n t  i s  

2"K/km. The tempera ture  a t  r = 800 km, computed f r o m  t h e  con- 

d u c t i v i t y  p r o f i l e s  shown i n  F i g .  5 t o g e t h e r  w i t h  an o l i v i n e  

c o n d u c t i v i t y  f u n c t i o n  i s  i n  t h e  range 750-800"C9 dec reas ing  

t o  a p p r o x i m a t e l y  550°C a t  1400 km where t h e  l o c a l  minimum i n  

e l e c t r i c a l  c o n d u c t i v i t y  i s  observed.  A c a l c u l a t i o n  based upon 

more c o n d u c t i n g  m a t t e r  wou ld  depress t h e  computed tempera tures .  

R, REYNOLDS ( p r i v a t e  communication) has shown t h a t  a f t e r  4.5 

b i l l i o n  years  a nonconvec t ing  Moon o f  25% o r d i n a r y  c h o n d r i t i c  

r a d i o a c t i v e  compos i t i on  and an i n i t i a l  u n i f o r m  tempera ture  o f  

0°C a t t a i n s  a near  s u r f a c e  thermal  g r a d i e n t  o f  a p p r o x i m a t e l y  

2"K/km and a u n i f o r m  c o r e  tempera ture  o f  about  800°C. Hence 

a thermal model c o n s i s t e n t  w i t h  t h e  c o n d u c t i v i t y  r e q u i  res  

a p p r e c i a b l e  d e p l e t i o n  o f  t h e  hea t  sources i n  t h e  Moon r e l a t i v e  

t o  o r d i n a r y  c h o n d r i t e s .  
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An approx imate  v a l u e  f o r  t h e  l u n a r  hea t  f l u x  can be c a l -  

c u l a t e d  f r o m  t h e  near  s u r f a c e  g r a d i e n t  de termined above. F o r  

s i 1  i c a t e  m a t e r i a l  t h e  thermal  c o n d u c t i v i t y  i s  0.008 ca l / cm sec 

deg though i t  i s  known t h a t  i t  w i l l  decrease w i t h  i n c r e a s i n g  

tempera ture  ( H O R A I  e t  a l e ,  1970; MURASE and McBIRNEY, 1970). 

T h i s  e f f e c t  w i l l  n o t  i n t r o d u c e  a s u b s t a n t i a l  e r r o r  i n  t h e  

e s t i m a t e  o f  t h e  heat  f l u x  wh ich  we f i n d  t o  be 1 . 6 ~ 1 0 - ~  ca l /cm2 sec 

u s i n g  t h e  ' ' b a s a l t "  compos i t i on  f o r  t h e  m a n t l e ;  o l  i v i n e  would 

doub le  t h i s  e s t i m a t e .  The fo rmer  v a l u e  i s  a p p r o x i m a t e l y  11'8 

t h a t  o f  t h e  Pre-Cambrian r e g i o n s  o f  E a r t h  (KAULA, 1968) .  F o r  

a Moon s c a l e d  Ear th ,  t h e  f l u x  wou ld  be t w i c e  t h a t  a c t u a l l y  

measured f o r  a I f b a s a l t ' '  model and a p p r o x i m a t e l y  equal f o r  an 

01 i v i  ne model e 

We w i s h  t o  thank o u r  co l l eaques  C.W. Snyder, M a  Neugebauer, 

J.H. Wolfe,  and t h e  Vela group a t  Los Alamos S c i e n t i f i c  Labora- 

t o r y  f o r  s u p p l y i n g  plasma da ta  f o r  t e s t i n g  t h e  f i e l d  l i n e  con- 

f i nemen t  problem. C o n s t r u c t i v e  comments by W.M. Kaula have 

s u b s t a n t i a l l y  improved t h i s  paper .  
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A P P E N D I X  

The spherical harmonic expansions for the potential and 

magnetic field of the transverse electric part o f  the solar 

wind excitation are 

& = l  
9 

= Ho 

cp 
H 

W 

The PE p a r t  o f  the magnetic field i s  related to the TE 

pot en t i a 1 by 

-I- k2) ( r n )  H, - - - - -  a ( r g )  9 ywr a r  
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T h u s  t h e  TE m a g n e t i c  f i e l d  i n  t h e  l u n a r  i n t e r i o r  i s  

= Ho 9 

Hcp 
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FIGURE CAPTIONS 

F i g .  1 Power spec t r a l  d e n s i t y  determinat ions f o r  simultaneous 

magnetic f i e l d  observa t ions  o n  t h e  lunar  su r face  (Apollo 

1 2 )  and i n  t h e  s o l a r  w i n d  near t h e  Moon (Explorer  3 5 ) .  

The y component is  e a s t  and t h e  z component north 

a t  t he  Apollo 12 s i t e ,  S i g n i f i c a n t  ampl i f i ca t ion  is  

observed, increasing w i t h  frequency, L e n g t h  of the  

t i m e  s e r i e s  i s  2 hours. 

F i g .  2 A m p l i t u d e  of the t r a n s f e r  func t ion  ( r a t i o  of lunar  

su r face  t o  f r e e  stream magnetic measurements) v s ,  

frequency. The e r r o r  bars  f o r  frequency a r e  t h e  

windows defined by  t h e  l ags  ' in the au tocor re l a t ion  

c a l c u l a t i o n ,  The e r r o r  bars i n  ampl i f i ca t ion  a r e  the  

one standard devia t ion  1 i m i  t s  determined from the means 

of 14 data  s p e c t r a ,  Strong ampl i f i c a t i o n  i s  observed 

i n  t h e  t angent ia l  ( n o r t h  and e a s t )  components of t h e  

f i e l d ,  w h i l e  f o r  the normal component t he  ampl i f i c a t i o n  

fol lows t h e  expected value of u n i t y .  

F i g .  3 Dis t r ibu t ion  of t h e  values  of t h e  d i f f e rences  of 
- 
A ( f )  from t h e  mean 9$ a t  each frequency f o r  a1 1 

f requencies  u p  t o  0,035 Hs i n  units o f  the  normalized 

standard d e v  ia t T on 
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- 
F i g .  4 The rms t a n g e n t i a l  l u n a r  t r a n s f e r  f u n c t i o n ,  A = 

2 2 *  [0 ,5(A + A = ) ]  and t h e  normal t r a n s f e r  f u n c t i o n  A x  
Y 

as a f u n c t i o n  o f  f requency ,  The e r r o r  bars ,  f requency  

windows, and d i r e c t i o n s  a r e  as  shown i n  F i g .  2, The 

s o l i d  l i n e  i s  t h e  v a l u e  o f  a m p l i f i c a t i o n  c a l c u l a t e d  

f r o m  t h e  c o n d u c t i v i t y  p r o f i l e  whose co r respond ing  

a m p l i f i c a t i o n  is  f i t t e d  t o  exper imen ta l  va lues  a t  

f r e q u e n c i e s  of 0 , 8 3 ,  1.7, 5, 12, 17 ,  22, 25, and 35 

m i l l i h a .  

F i g .  5 Lunar b u l k  e l e c t r i c a l  c o n d u c t i v i t y  p r o f  i l e s  de termined 

f r o m  t h e  i n d i v i d u a l  t r a n s f e r  f u n c t i o n s  A AZ and 

A a The prominent  r i s e  o f  o f r o m  t h e  s u r f a c e  inwards 

t o  r = 1500 km i s  apparen t  f o r  a l l  t h r e e  cases as 

we1 1 as t h e  subsequent decrease inwards t o  r = 1400 km 

f o l l o w e d  by a more gradual  r i s e .  A t e n t a t i v e  v e r s i o n  

o f  a l u n a r  thermal  p r o f i l e  i s  shown as t h e  g r e y  o v e r -  

l a y  w i t h  tempera tures  i n d i c a t e d  on t h e  r i g h t  hand marg in ,  

T h i s  p r o f i l e  i s  a f i t  o f  c o n d u c t i v i t i e s  t o  a Nagata 

b a s a l t  i n  t h e  mant le ,  an England o l i v i n e  i n  t h e  core ,  

and t h e  known subsur face  tempera ture  o f  -30°C. The 

i n s e r t  i s  shown t o  suggest  ext reme va lues  o f  t h e  0 ' s  

u s i n g  t h e  one s tandard  d e v i a t i o n  l i m i t s  o f  t h e  A ' s  

t o  ca 1 cu  1 a t e  conduct  i v i t i es e 

Y 
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Fig. 6 Profiles of magnetic field amplitude and phase for the 

conductivity profile labelled A in Fig. 5. The values 

are normalized to the transfer function at the lunar 

surface, The region of high conductivity centered 

at r = 1500 km (see Fig., 5) i s  responsible for strong 

attenuation and large phase shift at the higher 

frequencies, There is  a correspondence between the 

selective attenuation shown here and the amp1 ification 

vs, frequency curve o f  Fig. 4, as discussed in the 

text, Negative phase angle in this figure represents 

a time delay with respect to the driving function, 

Fig, 7 The experimental r.m,s, tangential lunar transfer 

function, a as a function o f  frequency. The error 

bars are the same as those in Figs, 2 and 4, The 

curve labelled "best fit" are the values of the 

amp1 i f i cat i on for the conduct i v i  ty prof i 1 e 1 a bel 1 ed 

A in Fig. 5. The "2 layer1' curve was calculated for 

a model with a core of radius 1560 km and a constant 

conductivity of 7.6~1 o - ~  mhos/m, and a she1 1 of zero 

conductivity, This value of the core conductivity 

provides a best fit to A for the given core radius, 

The DYAL and PARKEN (1971) amplification curve was 

calculated for a model with an inner core of radius 

1044 km and a conductivity o f  lom2.  mhos/meter, a 

middle layer extending to 1653 km with a conductivity 
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o f  1 ,7x10-~  mhos/m and an o u t e r  l a y e r  o f  z e r o  c o n d u c t i v i t y ,  

Other  amp1 i f i c a t i o n  curves  a r e  based on c o n d u c t i v i t y  

models proposed by NESS (1969) and SILL  ( 1 9 7 1 ) .  Note 

t h a t  t h e  "2 l a y e r "  c u r v e  does n o t  d u p l i c a t e  t h e  I iS "  

n a t u r e  o f  t h e  exper imen ta l  da ta .  

F i g ,  8 Model Moon based upon t h e  magnetometer da ta ,  t h e  

d e r i v e d  c o n d u c t i v i t y  p r o f i l e s ,  and t h e  c o n s i s t e n t  

f i t  o f  o t o  rocky  m a t e r i a l ,  The a n o r t h o s i t i c  c r u s t  

i s  t aken  f r o m  WOOD e t  a l .  ( 1 9 7 0 ) ;  i t  i s  n o t  seen i n  

t h e  p r e s e n t  a n a l y s i s .  
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